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We examined the effect of amino acid substitutions of the GPGR (glycine–proline–glycine–arginine) tip sequence at the V3
domain of the Env protein of human immunodeficiency virus type 1 (HIV-1) on its cell tropism and coreceptor use. We
changed the GPGR sequence of a T-cell line (T)- and macrophage (M)-tropic (R5-R3-X4) HIV-1 strain, GUN-1WT, to GA(ala-
nine)GR (the resulting mutant was designated GUN-1/A), GL(leucine)GR (GUN-1/L), GP(proline)GR (GUN-1/P), GR(arginine)GR
(GUN-1/R), GS(serine)GR (GUN-1/S), or GT(threonine)GR (GUN-1/T). GUN-1/A, GUN-1/S, and GUN-1/T mutants infected
brain-derived cells such as a CD4-transduced glioma cell line, U87/CD4, and a brain-derived primary cell strain, BT-20/N, as
well as T-cell lines in a CD4-dependent manner, although the plating of these mutants onto macrophages was inhibited.
GUN-1/L, GUN-1/P, and GUN-1/R mutants showed both T- and M-tropism, but did not plate onto the brain-derived cells. A
CCR3, CCR5, CCR8, or CXCR4 gene was introduced into a CD4-positive glioma cell line, NP-2/CD4, which demonstrated
complete resistance to various HIV-1 strains. Not only HIV-1 strains, which were infectious to macrophages, such as
GUN-1WT, GUN-1V, GUN-1/L, and GUN-1/P, but also an HIV-1 strain, GUN-1V, which was hardly infectious to macrophages,
grew well in NP-2/CD4 cells expressing CCR3 or CCR5. However, the M-tropic GUN-1/R mutant could not efficiently use
CCR5 nor CCR3. No point mutants, except GUN-1/L, grew well in NP-2/CD4 cells expressing CCR8. These findings indicate
that the cell tropism of HIV-1 to macrophages and brain-derived cells and their use of the coreceptors were markedly, though
not always concomitantly, affected by the tip sequence of the V3 domain. © 1999 Academic Press1
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dINTRODUCTION
The third variable domain (V3) of the envelope (Env)
lycoprotein of human immunodeficiency virus type 1
HIV-1) plays an important role in the determination of cell
ropism (Cann et al., 1992; Willy et al., 1994). The V3 domain
orms a loop structure and its tip sequence, GPGR (glycine–
roline–glycine–arginine), is well conserved among diverse
IV-1 strains (Goudsmit et al., 1988; Hwang et al., 1992).
ecently, it was shown that more than 10 G protein-coupled
eceptors (GPCRs) work as coreceptors for HIV-1, collabo-
ating with the main receptor CD4 molecules (Dalgleish et
l., 1984; Feng et al., 1996; Premack and Schall, 1996). The
omain of the Env protein of HIV-1, which interacted mainly
ith the coreceptors, was proved to be the V3 loop (Feng et
l., 1996).
Two distinct cell tropisms of HIV-1, T-cell line (T-)-tropism
nd monocyte/macrophage (M-)-tropism, are determined
ainly by their coreceptor use: a CXC-CKR, CXCR4, acts as
determinant coreceptor for T-tropism and two CC-CKRs,
CR3 and CCR5, are the determinant coreceptors for M-
ropism (Cann et al., 1992; Choe et al., 1996; Feng et al.,
1 To whom reprint requests should be addressed. Fax: 81-27-220-
006. E-mail: hoshino@sb.gunma-u.ac.jp.042-6822/99 $30.00
opyright © 1999 by Academic Press
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324996). We isolated a T- and M-tropic (dual-tropic) HIV-1
train, GUN-1WT, from a Japanese hemophilia B patient with
cquired immune deficiency syndrome (AIDS) (Takeuchi et
l., 1989). A variant strain, GUN-1V, was isolated from the
UN-1WT strain by its adaptation to BT-3 cells, the primary
ell strain derived from human meningioma tissue (Takeu-
hi et al., 1989, 1991). The GUN-1V strain infected the U87/
D4 glioma cell line as well as T-cell lines, but hardly
nfected macrophages (McKnight et al., 1995). Genetic anal-
ses revealed that the difference in cell tropism between
UN-1WT and GUN-1V strains could be explained by a
ingle amino acid substitution at the GPGR tip sequence of
he V3 domain: the GPGR sequence of GUN-1WT strain was
eplaced by a GS(serine)GR sequence in the GUN-1V strain
Takeuchi et al., 1991) (substitution sites of amino acids or
ucleotides are indicated by underlines in this report). Re-
ently, we reported that a CC-CKR, CCR8, acts as a core-
eptor for both the T- and M-tropic GUN-1WT strain and an
IV-1 strain, GUN-1V, infectious to both T-cell lines and
rain-derived cells, (Jinno et al., 1998). Moreover, we found
hat an orphan GPCR, GPR1, is one of the determinant
oreceptors for the cell tropism of HIV-1 specific to the
rain-derived cells (Shimizu et al., in press).
During the progression of AIDS, the cell tropism of
ominant populations of HIV-1 in vivo gradually shifts
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325EFFECT OF MUTATIONS AT THE V3 TIP OF THE Env PROTEINrom M-tropism to T-tropism (McNearney et al., 1992).
his shift of the cell tropism of HIV-1, which is accompa-
ied by the change in its coreceptor use, is frequently
aused by amino acid changes in the V3 domain. These
utations are sometimes associated with the shift of the
lectric charge of the V3 domain or with the loss of
lycosylation sites in the domain (Shioda et al., 1994).
To elucidate the role of the GPGR tip sequence at the
3 domain of HIV-1 in the determination of its cell tro-
ism, in this study we examined the effects of single
mino acid substitutions at the proline site of the GPGR
equence on its coreceptor use. Our findings indicated
hat it was specific amino acids at the V3 tip sequence
ather than the total electric charge of the V3 domain or
he presence or absence of glycosylation sites that had
crucial effect on the determination of cell tropisms.
oreover, we clarified the discrepancies between cell
ropisms and coreceptor uses of HIV-1.
RESULTS
-cell line tropism of HIV-1 mutants for the V3 tip
equence
C8166 cells were used for the preparation of all pa-
ental and mutant HIV-1 strains, except M-tropic strains,
F162 and BaL, to eliminate the effects of different pro-
ucer cells on viral infectivities. The infectivities of the
IV-1 strains were determined by counting ratios of HIV-
-related antigen-positive cells in infected cells by indi-
ect immunofluorescence assay (IFA) and by measuring
mounts of virus produced from the infected cells into
he culture supernatants using reverse-transcriptase (RT)
ctivity assay. As shown in Figs. 1A and 1D, C8166 cells
ere highly susceptible to all HIV-1 strains except SF162
nd BaL strains. C8166 cells were slightly more effi-
iently infected with IIIB, GUN-1WT, GUN-1/L, GUN-1/P,
nd GUN-1/R strains than they were with GUN-1V, GUN-
/S, GUN-1/T, and GUN-1/A strains. All HIV-1 strains that
nfected C8166 cells induced the formation of a large
umber of syncytia in the cells.
ropism of HIV-1 mutants to brain-derived cells
We examined the susceptibility of a primary brain-
erived cell strain, BT-20/N, and a CD4-transduced hu-
an glioma cell line, U87/CD4, to the HIV-1 strains. Both
he brain-derived cells BT-20/N (Figs. 1B and 1E) and
87/CD4 (Figs. 1C and 1F) were highly susceptible to
UN-1/A, GUN-1/S, and GUN-1/T mutants as well as to
he GUN-1V strain. However, both BT-20/N and U87/CD4
ells were almost totally resistant to infection with GUN-
WT, GUN-1/L, GUN-1/P, and GUN-1/R strains. That is to
ay, the two brain-derived cells BT-20/N and U87/CD4
anifested similar patterns of susceptibility to HIV-1 mu-
ants for the V3 tip sequence. Thus, the amino acid
ubstitutions at the proline site of the GPGR tip sequence
roduced a crucial effect on the determination of cellropism of HIV-1 to the brain-derived cells, suggesting
hat the cell tropism is determined by the interaction
etween the V3 domain of HIV-1 and a factor expressed
n these brain-derived cells. As alanine, serine, and
hreonine have similar physicochemical properties, the
AGR, GSGR, and GTGR amino acid sequences proba-
ly produce a similar conformation of the V3 loop, which
s required for HIV-1 tropism to the brain-derived cells.
acrophage tropism of HIV-1 mutants
We examined the effects of amino acid substitutions at
he proline site of the GPGR tip sequence of the GUN-1WT
train on its macrophage tropism. Macrophages were
noculated with 10-fold-diluted HIV-1 strains. Susceptibil-
ties of macrophages to HIV-1 mutants were estimated by
easuring p24 antigen of HIV-1 in the culture superna-
ants of infected macrophages on day 21 after inocula-
ion. The amount of p24 antigen was determined by
nzyme-linked immunosolvent assay (ELISA). As shown
n Figs. 1G and 1H, macrophages were much more
usceptible to GUN-1/L, GUN-1/P, and GUN-1/R strains
han they were to GUN-1/A, GUN-1/S, and GUN-1/T
trains. The former three strains diluted 100- or 1000-fold
nduced numerous syncytia in macrophages, while the
atter three strains diluted 10-fold induced a few syncytia
data not shown). These results indicate that the amino
cid substitution of the V3 tip affects the macrophage
ropism of the GUN-1WT mutants. Thus, the cell tropism of
IV-1 to macrophages and the brain-derived cells were
arkedly and concomitantly affected by the tip se-
uences of the V3 domain: HIV-1 strains infectious to
acrophages, which have GLGR, GPGR, and GRGR se-
uences at the V3 tip, were less infectious to the brain-
erived cells than HIV-1 strains having GAGR, GSGR,
nd GTGR V3 tip sequences.
It was reported that a single amino acid substitution
hat affected the net electric charge of the V3 loop often
ltered the cell tropism of several HIV-1 strains (Shioda
t al., 1994). In this study, except for the GRGR sequence,
one of the amino acid substitutions introduced into the
3 tip sequence modified the net charge of the V3 do-
ain (Table 2). Therefore, in the case of the GUN-1WT
train and its mutants, the electric charge around the
PGR tip sequence does not act as an important factor
n the determination of the infectivity to the brain-derived
ells or macrophages.
etermination of the tropism of HIV-1 infectious to
he brain-derived cells in the early phase of infection
We investigated whether or not the tropism of HIV-1
nfectious to the brain-derived cells is determined after
ormation of HIV-1 DNA. The infectious DNA clones of the
UN-1WT or GUN-1V strain were introduced into BT-3,
8166, and U87/CD4 cells by DNA transfection, and expres-
ion of HIV-1-related antigens was detected by IFA (Table
). Although the transfection efficiencies of the plasmid
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326 SHIMIZU ET AL.NAs were low, similar ratios of HIV-1-related antigens
ere detected in BT-3, C8166, and U87/CD4 cells. GUN-1WT
nd IIIB strains could not efficiently infect the brain-derived
ells (Figs. 2B and 2C). However, when their infectious DNA
lones were transfected into BT-3 and U87/CD4 cells, HIV-
-related antigens were detected in these cells, indicating
hat the genes of HIV-1 strains noninfectious to the brain-
erived cells could be expressed in these cells. These
esults indicate that the tropism of HIV-1 to the brain-
erived cells is determined in the early phase of the viral
nfection processes, probably before the reverse transcrip-
ion of the HIV-1 genomic RNA.
Next, we examined by PCR whether HIV-1 DNA was
ormed in the brain-derived cells. As shown in Fig. 2A, the
FIG. 1. Infection kinetics of cells with HIV-1 strains. HIV-1-related anti
87/CD4 cells. E, GUN-1WT; F, GUN-1V; }, GUN-1/A; h, GUN-1/L; ,
ock infection. Virus production from infected cells was determined by
fter virus inoculation; (E) BT-20/N cells on day 12, and (F) U87/CD4 cell
arvested on day 21 after inoculation of HIV-1 mutants. (H) Numbers oeverse-transcribed genomic DNA of HIV-1 strains was
etected in BT-20/N cells infected with HIV-1 strains infec-
ious to the brain-derived cells, such as GUN-1V, GUN-1/A,
UN-1/S, and GUN-1/T, but not with HIV-1 strains nonin-
ectious to these cells, such as IIIB, GUN-1WT, GUN-1/L,
UN-1/P, and GUN-1/R. These results suggest that the cell
ropism of HIV-1 to the brain-derived cells is determined
efore the reverse transcription of the HIV-1 genome.
D4 dependency of the tropism of HIV-1 infectious to
he brain-derived cells
The CD4 dependency of the infection of the BT-20/N cell
nd U87/CD4 cells with HIV-1 strains was examined by
sitive cells were detected by IFA: (A) C8166 cells; (B) BT-20/N cells; (C)
P; , {, GUN-1/R; GUN-1/S; n, GUN-1/T; #, IIIB; 5z zzz , BaL; 1, SF162; *,
ting RT activities in the culture supernatants: (D) C8166 cells on day 4
y 8. (G) ELISA p24 antigen in the culture supernatants of macrophages
tia formed in macrophages and detected on day 21 after infection.gen-po
GUN-1/
detec
s on da
f syncy
P
h
H
B
G
m
n
B
t
a
t
E
p
d
C
C
s
m
(
C
s
G
m
t
s
d
U
c
o
C
c
v
1
w
C
(
H
d
t
w
H
3
b
m
1
G
2
t
t
G
t
s
G
G
2
G
m
t
b
t
P
D
C
w
d
G
H
e
m
r
d
327EFFECT OF MUTATIONS AT THE V3 TIP OF THE Env PROTEINCR. An anti-CD4 monoclonal antibody (MAb), Nu-TH/I, in-
ibited the infection of C8166 cells with several T-tropic
IV-1 strains (data not shown). As shown in Fig. 2B, when
T-20/N cells were inoculated with GUN-1V, GUN-1/A,
UN-1/S, and GUN-1/T strains after being pretreated with 2
g/ml of Nu-TH/I MAb, the reverse-transcribed DNA could
ot be detected by PCR, indicating that the infection of
T-20/N cells was mediated by CD4 molecules. As a con-
rol, 39-azido-39-deoxythimidine (AZT) (2 mg/ml) was used
nd it markedly inhibited the infection of BT-20/N cells with
hese GUN-1 strains (Fig. 2B).
xpression of mRNA for HIV-1 coreceptors
To investigate coreceptors that determine the cell tro-
ism of the HIV-1 strains examined in this study, we
etected the expression of the following coreceptors of
XCR4, CCR3, CCR5, and CCR8. The expression of
XCR4 mRNA was detected in C8166 cells. The expres-
ion of CXCR4, CCR3, and CCR5 mRNA was detected in
acrophages and peripheral blood lymphocytes (PBLs)
data not shown). These results suggest that CCR3 and
CR5, but not CXCR4, act as coreceptors for HIV-1
trains infectious to macrophages (GUN-1WT, GUN-1V,
UN-1/L, GUN-1/P, GUN-1/R, SF162, and BaL), because
acrophages were found to be only slightly susceptible
o the T-cell-tropic HIV-1 strain IIIB (Fig. 1G). The expres-
ion of CXCR4, CCR3, and CCR5 mRNA could not be
etected in the brain-derived cells BT-3, BT-20/N, and
87/CD4 (data not shown), suggesting that none of these
oreceptors act as coreceptors to determine the tropism
f HIV-1 specifically infectious to the brain-derived cells.
oreceptor use by HIV-1 strains
NP-2/CD4, which is a CD4-transduced human glioma
ell line NP-2, demonstrated a marked resistance to the
arious HIV-1 strains (Shimizu et al., 1994; Jinno et al.,
998). However, when NP-2/CD4 cells were transduced
ith HIV-1 coreceptors such as CXCR4, CCR3, CCR5, or
CR8, the cells became susceptible to HIV-1 strains
Jinno et al., 1998). Using NP-2/CD4 cells transduced with
TABLE 1
Expression of HIV-1 Antigens in Cells Transfected
with Infectious DNA Clones of HIV-1
DNA clone
Transfected cells
C8166 U87/CD4 BT-3
GUN-1WT 5%a 2% 1%
GUN-1V 7% 3% 3%
NL4-3 5% 0.5% 0.5%
pLA 8%b 4% 6%
a HIV-1 antigen-positive cells were detected by IFA on day 3 after
ransfection.
b Percentages of cells introduced with pLA plasmid were determined
y staining of the cells for b-galactosidase activity.IV-1 coreceptors CCR3, CCR5, CCR8, and CXCR4, we
etermined the coreceptor use of GUN-1WT and its mu-
ants for the GPGR tip sequence by RT activity assay.
NP-2/CD4/CXCR4 cells, or NP-2/CD4 cells expressed
ith the CXCR4 coreceptor, were highly susceptible to all
IV-1 strains except M-tropic BaL and SF162 strains (Fig.
A), as expected. NP-2/CD4/CCR3 cells were suscepti-
le to the GUN-1V strain, which was not infectious to
acrophages (Fig. 1G) or to M-tropic BaL, SF162, GUN-
WT, GUN-1/L, and GUN-1/P strains, but resistant to
UN-1/A, GUN-1/S, and GUN-1/T mutants (Fig. 3B). NP-
/CD4/CCR3 cells showed extremely low susceptibility
o the M-tropic GUN-1/R mutant. HIV-1 strains infectious
o the brain-derived cells, i.e., GUN-1/A, GUN-1/S, and
UN-1/T mutants, could not use CCR3 as their corecep-
or.
NP-2/CD4/CCR5 cells were susceptible to HIV-1
trains not infectious to macrophages, i.e., GUN-1V,
UN-1/A, and GUN-1/S strains, in addition to M-tropic
UN-1WT, GUN-1/L, and GUN-1/P strains (Fig. 3C). NP-
/CD4/CCR5 cells were, however, resistant to M-tropic
UN-1/R in addition to an HIV-1 mutant not infectious to
acrophages, GUN-1/T. An HIV-1 mutant infectious to
FIG. 2. Susceptibility of BT-20/N cells to HIV-1 strains. (A) Reverse-
ranscribed genomic DNA of HIV-1 in BT-20/N cells was detected by
CR. The PCR primers specific for the HIV-1 env gene were used and
NA fragments of 687 bp were amplified. Cellular DNA of NP-2/CD4/
XCR4 cells or NP-2/CD4/CCR5 cells infected with each HIV-1 strain
as used as a template for a positive control for PCR. (B) CD4 depen-
ency of the infection of BT-20/N cells with HIV-1 strains, GUN-1V,
UN-1/A, GUN-1/S, and GUN-1/T. BT-20/N cells were infected with
IV-1 strains GUN-1V, GUN-1/A, GUN-1/S, and GUN-1/T, in the pres-
nce or absence of the Nu-TH/I anti-CD4 MoAb (5 mg/ml) or AZT (2
g/ml). Cellular DNA was extracted 24 h after virus inoculation and the
everse-transcribed genomic DNA of HIV-1 in the infected cells was
etected by PCR.
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328 SHIMIZU ET AL.he brain-derived cells, GUN-1/T, could not use CCR5 as
ts coreceptor. NP-2/CD4/CCR8 cells were susceptible to
UN-1WT, GUN-1V, and GUN-1/L strains, but resistant to
aL, GUN-1/P, GUN-1/R, and SF162 strains as well as
UN-1/A, GUN-1/S, and GUN-1/T strains (Fig. 3D).
iscrepancies between the cell tropisms and the use
f coreceptors of HIV-1
Thus, the following discrepancies were observed be-
ween the cell tropisms and the uses of coreceptors
xpressed on NP-2/CD4 cells, by HIV-1 strains, as sum-
arized in Table 2: (1) The dual (T- and M-)-tropic GUN-
/R mutant did not efficiently use CCR3 or CCR5 as its
oreceptor. (2) The GUN-1V strain, which was hardly
nfectious to macrophages, could efficiently use both
CR3 and CCR5. (3) GUN-1/A and GUN-1/S mutants,
hich were also hardly infectious to macrophages, could
se CCR5. (4) Dual (T- and M-)-tropic mutants, GUN-1/P
nd GUN-1/R, did not use CCR8 as their coreceptor,
hile GUN-1WT and GUN-1/L strains, which also showed
he dual cell tropism, could use CCR8. (5) HIV-1 mutants
nfectious to the brain-derived cells, such as GUN-1/A,
UN-1/S, and GUN-1/T, did not use CCR8, although the
UN-1V strain could use CCR8. (6) Macrophages
FIG. 3. Coreceptor use of HIV-1 strains. Susceptibilities of NP-2/CD4/C
P-2/CD4 (E) cells to HIV-1 strains were determined by detecting RT ahowed resistance to infection with GUN-1V, GUN-1/A,
UN-1/S, and GUN-1/T strains as well as IIIB strains,
lthough we also confirmed the expression of CXCR4
RNA in macrophages (data not shown) as previously
eported (Yi et al., 1998).
DISCUSSION
T- and M-tropisms of HIV-1 are regulated mainly by the
pecific interaction between the V3 domain and the co-
eceptors (Oravecz et al., 1996; Trkola et al., 1996; Speck
t al., 1997). The aim of this study was to elucidate the
ole of the GPGR tip sequence of the V3 domain in the
etermination of cell tropisms, particularly in the infec-
ion of the brain-derived cells with HIV-1. To achieve this,
everal amino acid substitutions were introduced into
he V3 tip sequence of a dual-tropic (T- and M-) HIV-1
train, GUN-1WT, and their effects on its cell tropism and
ts coreceptor use were examined (Figs. 1 and 3). We
hose the GUN-1WT strain as the parental strain of mu-
ants for the GPGR tip sequence, because the GUN-1WT
train had been shown to change its cell tropism after
mino acid substitution from GPGR to GSGR at the V3 tip
Takeuchi et al., 1991).
We changed its GPGR tip sequence to GAGR, GLGR,
(A), NP-2/CD4/CCR3 (B), NP-2/CD4/CCR5 (C), NP-2/CD4/CCR8 (D), and
s in the culture supernatant on day 4 after virus inoculation.XCR4
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329EFFECT OF MUTATIONS AT THE V3 TIP OF THE Env PROTEINPGR, GRGR, GSGR, and GTGR, because these amino
cid substitutions could be generated by a single nucle-
tide substitution and, therefore, were supported to oc-
ur more easily in vivo than others. The effects of these
mino acid substitutions on the cell tropisms and core-
eptor uses of HIV-1 are summarized in Table 2.
The C8166 T-cell line was more susceptible to GUN-
WT, GUN-1/P, and IIIB strains, all of which had a GPGR
equence at the V3 tip, than to the other strains (Table 2,
igs. 1A and 1D). This result may explain why HIV-1
trains having a GPGR sequence were more frequently
solated from PBLs of AIDS patients than strains having
ther sequences (Goudsmit et al., 1988). That is to say,
IV-1 strains carrying the GPGR sequence at the V3 tip
ay have a higher affinity for CXCR4 expressed on T
ells than strains having other tip sequences and,
hereby, they can propagate readily in vivo.
Macrophages were susceptible to GUN-1WT, GUN-1/L,
UN-1/P, and GUN-1/R strains but not to GUN-1/A, GUN-
/S, and GUN-1/T mutants (Fig. 1G and Table 2). These
esults indicate that changing the V3 tip sequence af-
ects the M-tropism of HIV-1, suggesting that the V3 tip
nteracts with the determinants of M-tropism, such as
CR3 and CCR5 expressed in macrophages (Choe et al.,
996). We examined the use of CCR3 and CCR5 by HIV-1
trains. As shown in Figs. 3B and 3C, HIV-1 strains highly
nfectious to macrophages, i.e., GUN-1WT, GUN-1/L, and
UN-1/P, all efficiently used CCR3 as their coreceptor.
owever, the GUN-1V strain, which hardly plated onto
acrophages, could also use CCR3 as its coreceptor.
oreover, the M-tropic GUN-1/R strain could not effi-
iently use CCR3 as its coreceptor. The discrepancy
etween M-tropism and coreceptor use was also ob-
erved in the infection of NP-2/CD4/CCR5 cells with
T
Summary of the Cell Tropisms a
Strain
V3 domain C
Tip sequence Electric charge T
UN-1WT GPGR 17 11b
UN-1V .S.. 17 1
UN-1/A .A.. 17 1
UN-1/L .L.. 17 11
UN-1/P .... 17 11
UN-1/R .R.. 18 11
UN-1/S .S.. 17 1
UN-1/T .T.. 17 1
IIB .... 110 11
aL .... 13 2
F162 .... 13 2
a C8166 and MT-2 cells were used as T-cell lines (T) and BT-20/N, B
b Results shown in Figs. 1 and 3 and described in the text are summ
c These four strains used CCR3 and CCR5 expressed in NP-2/CD4 c
d These five strains showed similar cell tropisms to those of GUN-1W
owever, used CCR8.
e GUN-1/R strain infected macrophages, but could not efficiently plaIV-1 strains, i.e., HIV-1 strains, which were not infec-
ious to macrophages, such as GUN-1V, GUN-1/A, and
UN-1/S, used CCR5 as their coreceptor, but the M-
ropic GUN-1/R strain could not efficiently use CCR3 or
CR5. These discrepancies in the cell tropisms and
oreceptor uses for HIV-1 strains are summarized in
able 2.
Both primary brain-derived cells, BT-20/N, and estab-
ished, brain-derived cells, U87/CD4, were susceptible to
UN-1V, GUN-1/A, GUN-1/S, and GUN-1/T strains but not to
aL, GUN-1WT, GUN-1/L, GUN-1/P, GUN-1/R, and SF162
trains (Figs. 1B, 1C, 1E and 1F, and Table 2). The cell
ropism of HIV-1 to the brain-derived cells was CD4-depen-
ent and was regulated in the early phase of the infection
rocess (Figs. 2A and 2B), possibly by a coreceptor ex-
ressed on these cells. As shown in Table 2, the tropism of
he HIV-1 strains to the brain-derived cells did not match the
atterns of use of coreceptors for T- or M-tropism, such as
XCR4, CCR3, CCR5, or CCR8, indicating that these core-
eptors did not act as a determinant for HIV-1 infection to
he brain-derived cells (Table 2).
Previously, we isolated HIV-1 variants infectious to the
rain-derived cells from three independent HIV-1 strains,
UN-1, GUN-4, and GUN-7 (Shimizu et al., 1994). Surpris-
ngly, they had GAGR, GSGR, or GTGR sequences at the
3 tip. Alanine, serine, and threonine have similar phys-
cochemical properties and differ greatly from leucine,
roline, and arginine (Miyata et al., 1979). The substitu-
ion of amino acids having similar physicochemical prop-
rties at the same site is likely to maintain a similar
onformation of the Env protein of HIV-1. Therefore, a
pecific conformation of the V3 domain is required for the
nteraction of the V3 domain with the surface of target
ells.
receptor Uses of HIV-1 Strains
pisma CKR use
Brain CCR3 CCR5 CXCR4 CCR8
2 11 11 11 1
11 11 11 11 1
11 1 11 11 2d
2 11 11 11 1
2 11 11 11 2d
2 1e 1e 11 2d
11 1 11 11 2d
11 1 1 11 2
2 2 2 11 2
2 1 1 2 2
2 1 11 2 2
d U87/CD4 cells as brain-derived cells (Brain). M, macrophages.
: 11, highly susceptible; 1, weakly susceptible; 2, resistant.
ut could not efficiently plate onto macrophages.
N-1V, but did not plate onto CCR8-positive cells. The GUN-1/L strain,
NP-2/CD4/CCR3 or NP-2/CD4/CCR5 cells.ABLE 2
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ell tro
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330 SHIMIZU ET AL.The electric charge and the N-glycosylation in the V3
omain have been shown to affect the cell tropism of
IV-1. The V3 domains of T-tropic HIV-1 strains are gen-
rally charged more positively than M-tropic strains
Chesebro et al., 1992; Ebenbichler et al., 1993; Shioda et
l., 1994). Except for the GUN-1/R mutant, the net charge
f the V3 domain was the same among the HIV-1 strains
sed in this study (Table 2). The amino acid changes
ntroduced into the V3 tip of GUN-1WT strain did not alter
he N-glycosylation site. Therefore, it was conformation
f the V3 domain rather than its net charge that affected
he cell tropisms of the HIV-1 strains. There was a no-
iceable difference in the CCR8 use between GUN-1WT
nd GUN-1/P strains and GUN-1V and GUN-1/S strains
Fig. 3D), although each of the two pairs of the HIV-1
trains had the same amino acid sequences in the V3
egion. There were also discrepancies in the use of
CR3 or CCR8 as a coreceptor between GUN-1V and
UN-1/S strains (Figs. 3B and 3D). These results might
e explained by additional amino acid changes, which
ossibly occur outside the V3 region.
In the brain tissue, most of the cells infected with HIV-1
re reported to manifest macrophage/microglia markers
Epstein and Gendelman, 1993; Korber et al., 1994; Liu et
l., 1990). The nucleotide sequences of the Env gene for
he HIV-1 strains isolated from the brain tissue of AIDS
atients showed the characteristics specific to M-tropic
IV-1 strains (Atwood et al., 1993; Epstein and Gendel-
an, 1993; Monken et al., 1995). M-tropic and dual (M-
nd T-)-tropic HIV-1 strains have frequently been isolated
rom macrophages/microglia in brain tissues (Monken et
l., 1995). Therefore, M-tropic strains are thought to be
esponsible for the development of the neurological dis-
rders associated with HIV-1 infection (Korber et al.,
994).
We think that BT-20/N cells may have originated from
icrovascular pericytes (Hasan and Glees, 1990) of brain
lood vessels (Jinno et al., 1998). Pericytes, together with
strocytes and endothelial cells, are thought to affect the
unction of the blood–brain barrier (BBB) (Hasan and
lees, 1990). Dysfunction of the BBB has been observed
n HIV-1-infected patients (Smith et al., 1990; Peudenier et
l., 1991). It has been suggested that the destruction of
he BBB may trigger the development of neurological
isorders by facilitating the passage of lymphocytes and
acrophages infected with HIV-1 or of macromolecules
nto brain tissues through the BBB (Persidsky et al.,
997). Therefore, it is possible that the BBB can be
mpaired by the interaction of pericytes with HIV-1, if
ericytes are susceptible to HIV-1. Our results suggest
hat pericytes in brain blood vessels are susceptible to
pecific HIV-1 strains mediated by a coreceptor, such as
XCR4, CCR3, and CCR5, other than the major corecep-
ors for HIV-1.
CD4 and chemokine receptors have been shown to
ct as a main receptor and coreceptors, respectively, of
IV-1 infection (Dalgleish et al., 1984; Feng et al., 1996).heir expression mostly determines the susceptibility of
arious cells to HIV-1 strains having several types of cell
ropism. We demonstrated here that the expression of
IV-1 coreceptors could not always explain the suscep-
ibilities of the cells to various HIV-1 strains. The discrep-
ncies among the cell tropisms and the coreceptor uses
f HIV-1 strains remain to be clarified. This approach
ay lead to the identification of another important factor
hat may affect the initial step of HIV-1 infection.
MATERIALS AND METHODS
ells and HIV-1 strains
A human T-cell line, C8166 (Salahuddin et al., 1983),
as maintained in RPMI 1640 medium supplemented
ith 10% (v/v) heat-inactivated fetal calf serum (FCS).
T-20/N cells were freshly isolated from macroscopically
ormal tissues next to glioblastoma tissue and BT-3 cells
rom meningioma tissue by the explant culture method
Takeuchi et al., 1989, 1991). These two primary cell strains
top growing when they are passaged more than 10–15
imes. They were morphologically fibroblast-like and
egative for the expression of specifically differentiated
ell markers present in the brain, such as factor VIII-
elated antigens (endothelial cell marker) or glial fibrillary
cid protein (astrocyte marker). As monoclonal antibod-
es against BT-3 cells stain the blood vessels in brain
issue, BT-3 or BT-20/N cells might have been derived
rom cells associated with the blood vessels (unpub-
ished data). The BT-20/N and BT-3 cells were cultured in
PMI 1640 medium containing 10% (v/v) FCS, 10 mg/ml of
ndothelial cell growth supplement (ECGS), and 10 ng/ml
f epidermal growth factor (EGF). BT-20/N and BT-3 cells
ere used within 10 passages. A CD4-introduced glioma
ell line, U87/CD4 (Westermark et al., 1973; Takeuchi et
l., 1991), was maintained in E-MEM containing 10% (v/v)
CS. Human macrophages were isolated from peripheral
lood mononuclear cells (PBMCs) from healthy blood
onors as described elsewhere (McKeating et al., 1989).
acrophages were maintained in RPMI 1640 medium
ontaining 5% (v/v) FCS and 10% (v/v) heat-inactivated
uman serum. NP-2/CD4 is a glioma cell line introduced
ith the CD4 gene as previously described (Jinno et al.,
998). NP-2/CD4/CCR3, NP-2/CD4/CCR5, NP-2/CD4/
CR8, and NP-2/CD4/CXCR4 cells were made by intro-
ucing CXCR4, CCR5, CCR3, and CCR8 genes, respec-
ively, cloned in the expression plasmid, pMX-puro, into
P-2/CD4 cells (Soda et al., 1999), as described else-
here (Jinno et al., 1998). These NP-2/CD4 cell lines
ere cultured in E-MEM containing 10% (v/v) FCS.
HIV-1 strains GUN-1WT (Takeuchi et al., 1989), GUN-1V
Takeuchi et al., 1989), and IIIB (Wong-Staal et al., 1985)
ere propagated in C8166 cells. The NL4-3 strain and
UN-1WT-derived mutant strains, such as GUN-1/A,
UN-1/L, GUN-1/P, GUN-1/R, GUN-1/S, and GUN-1/T,
ere propagated in C8166 cells transfected with their
nfectious molecular DNA clones. After numerous syncy-
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331EFFECT OF MUTATIONS AT THE V3 TIP OF THE Env PROTEINia were microscopically observed, the culture superna-
ants of HIV-1-inoculated C8166 cells were harvested
nd used as the virus sources.
ite-directed mutageneses of the GPGR tip sequence
The pUC118(DPstI) plasmid was constructed by re-
oving the PstI site in the multiple cloning site from the
UC118 plasmid using T4 DNA polymerase following the
anufacturer’s protocol (Takara Shuzo Co., Ltd., Shiga,
apan). The 59-half and the 39-half genomic sequences of
he GUN-1WT strain (Takeuchi et al., 1991) were sub-
loned into the pUC118(DPstI) plasmid. The BamHI site
t the junction between the pUC118 plasmid and the
ellular flanking sequence was deleted using the DNA
lunting system (Takara Shuzo). The resultant plasmids
ontaining the 59-half or the 39-half genomic sequences
f the GUN-1WT strain were designated pUC118(DPstI)/
W5(DBamHI) and pUC118(DPstI)/GW3(DBamHI), re-
pectively. The 2.2-kb DNA fragment that contained 91%
f the env gene sequence including the V3 domain of
UN-1WT strain was subcloned into the pUC119 plasmid
Takara Shuzo) and the plasmid was designated pPs-b.
The CCA codon encoding proline in the GPGR tip
equence of the pPs-b plasmid was changed to (1) GCA
alanine codon); (2) CGA (arginine); (3) CTA (leucine); (4)
CC (proline), which is synonymous to the original CCA
proline) codon; (5) TCC (serine); and (6) ACA (threonine)
y the Mutan-K site-directed mutagenesis system using
he pPs-b plasmid as a template following the manufac-
urer’s protocol (Takara Shuzo). The mutagenic oligonu-
leotides were as follows: (1) 59-CTATAGGAGCAGGG-
GA-39 for changing the GPGR tip sequence of the pPs-b
lasmid to GAGR; (2) 59-CTATAGGACGAGGGAGA-39 for
RGR; (3) 59-CTATAGGACTAGGGAGA-39 for GLGR; (4)
9-CTATAGGACCCGGGAGA-39 for GPGR; (5) 59-CTATAG-
ATCCGGGAGA-39 for GSGR; and (6) 59-CTATAGGAAC-
GGGAGA-39 for GTGR (Takara Shuzo). The introduced
equences were checked by sequencing using a Prism
equenase terminator double-stranded DNA sequencing
it (Applied Biosystems Co., Ltd., Foster City, CA).
onstruction of the GPGR tip mutants of HIV-1
The Ps-b DNA fragments containing GAGR, GLGR, GPGR,
SGR, GTGR, and GRGR sequences at the GPGR tip of
he V3 domain were inserted into the original position in
he 39-half genomic clone of GUN-1WT strain pUC118(DPstI)/
W3(DBamHI) using the PstI sites. The pUC118(DPstI)/
W5(DBamHI) and pUC118(DPstI)/GW3(DBamHI) plas-
ids were then completely digested with BamHI and
atII and the DNA fragments containing the 59-half and
he 39-half genomic sequences of HIV-1 were ligated to
ach other to constitute a molecularly infectious DNA
lone.
C8166 cells (1 3 106) were transfected with 0.1 mg of
nfectious DNA clones of HIV-1 by the DEAE–dextran
ethod and cultured in RPMI 1640 medium supple-ented with 10% (v/v) FCS. When numerous syncytia
ere microscopically detected, the culture supernatant
as recovered and used as virus sources. Mutant HIV-1
trains obtained from infectious DNA clones containing
AGR, GLGR, GPGR, GRGR, GSGR, and GTGR se-
uences at the V3 tip were designated GUN-1/A, GUN-
/L, GUN-1/P, GUN-1/R, GUN-1/S, and GUN-1/T, respec-
ively.
nfection assay
C8166 cells (1 3 105) were inoculated with an amount
f HIV-1 corresponding to 2 3 104 cpm of RT activity
ssay (Hoshino et al., 1983) in 1.5-ml Eppendorf tubes at
7°C for 2 h and then washed three times with 1 ml of
BS(2) to remove the inoculum. BT-20/N and U87/CD4
ells (5 3 104) were cultured in 24-well cell culture plates
or 24 h and inoculated with the viruses. Infection was
etermined by detection of HIV-1-related antigens ex-
ressed in the cells by IFA (Takeuchi et al., 1989) and by
T activities in the culture supernatant (Hoshino et al.,
983; Takeuchi et al., 1989). Macrophages were seeded
nto 24-well culture plates and inoculated with serially
0-fold-diluted HIV-1 strains. Susceptibilities of macro-
hages to HIV-1 mutants were determined by measuring
mounts of HIV-1 p24 antigen in the culture supernatant
f infected cells as described elsewhere (Haraguchi et
l., 1997) and by counting numbers of syncytia in infected
ultures. NP-2/CD4 cells, and NP-2/CD4 cells expressing
ne of coreceptors (5 3 104), were cultured in 24-well
ell culture plates for 24 h and inoculated with the vi-
uses. Susceptibilities of these cells to HIV-1 were de-
ermined by detecting HIV-1 antigens in the cells and RT
ctivities in their culture supernatants as described
bove.
Reverse-transcribed genomic DNA of HIV-1 in the BT-
0/N cells was detected by PCR 24 h after inoculation.
he PCR primers were as follows: PCRG1IN, 59-CCCATAC-
TTATTGTGCCCCGGC-TGGTTTTGCG-39 (634th–666th nu-
leotide sites in the env gene of NL4-3 strain) and PCRG1IR,
9-TTGTCCACTGATGGGAGGGGCATACATTGC-39 (1291st–
320th sites) (Nippon Idenshi Kenkyujo Co., Ltd., Miyagi,
apan).
BT-20/N cells (5 3 104) were cultured in RPMI 1640
edium containing 1 mg/ml of an anti-CD4 monoclonal
ntibody, Nu-TH/I (Nichirei Co., Ltd., Tokyo, Japan), or 1
g/ml of AZT at 37°C for 2 h. An amount of HIV-1
orresponding to 1 3 104 cpm of RT activity was inocu-
ated into the cells, which were then incubated at 37°C
or 2 h. After the inocula were removed, the cells were
ncubated in RPMI 1640 medium containing 10% (v/v)
CS and 1 mg/ml of Nu-TH/I monoclonal antibody or AZT
nd DNA was extracted from the cells 24 h later.
ransfection of the infectious HIV-1 clones
To transfect the plasmid DNA (0.1 mg) into adherent
ells such as BT-3 and U87/CD4 cells, Transfectin (Gibco
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332 SHIMIZU ET AL.RL Co., Ltd., Rockville, MD) was used according to the
anufacturer’s protocol. The transfection efficiency of
he plasmids was estimated using the pLA plasmid as
he control. The pLA plasmid has the b-galactosidase
ene (Katoh et al., 1987), which is driven by thymidine
inase promoter. Transfection was performed as de-
cribed above. The pLA transfected cells were cultured
or 48 h and fixed with 0.5 ml of 0.5% glutaraldehyde for
5 min. X-gal buffer (0.5 ml) containing 0.1% X-gal (Sigma
o., Ltd., St. Louis, MO), 0.01% sodium deoxycholate,
.02% NP-40, 2 mM magnesium chloride, 5 mM potas-
ium ferricyanide, and 5 mM potassium ferrocyanide in
3 PBS(2) was added to the cells and incubated at
7°C until blue cells were developed. The expression of
he HIV-1 antigens in the HIV-1 plasmid-transfected cells
as monitored by IFA as previously described.
etection of mRNA for coreceptors by RT-PCR
Total RNA was isolated from BT-3, BT-20/N, C8166,
acrophages, and PBLs using the SepaGene RNA ex-
raction kit (Sanko-Junyaku Co., Ltd., Tokyo, Japan) fol-
owing the manufacturer’s protocol. To make cDNA, 2 mg
f the total RNA was reverse-transcribed in 20 ml of the
eaction mixture containing 0.6 mg oligo(dT) (Gibco BRL),
0 mM Tris–HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 2.5
M each dNTP, 10 mM DTT, 10 U RNasin (Takara), and
00 U Superscript II reverse transcriptase (Gibco BRL) at
2°C for 1 h. The cDNA of HIV-1 coreceptors was de-
ected by PCR using specific primers. Nucleotide se-
uences, orientations, and positions of the primers in the
pen reading frame of each coreceptor are as follows:
CR3, 59-GCCCGGACTGTCACTTTTGGTGTCATCACCAG-39
sense, the 433rd–464th nucleotide sites) and 59-CTT-
TCACTAGGAAGGAATGGGATGTATCT-39 (antisense, the
82nd–1011th sites) (DDBJ/EMBL/GenBank Accession No.
49727); CCR5, 59-GCCAGGACGGTCACCTTTGGGGTGGT-
ACAA-39 (sense, the 415th–445th sites) and 59-AGCCTCT-
GCTGGAAAATAAAACAGCATTT-39 (antisense, the 964th–
93rd sites) (U54994); CCR8, 59-GTGAGGACGATCAGGAT-
GGCACAACGC-TGTG-39 (sense, the 430th–461st sites)
nd 59-GCTCTCCCTAGGCATTTGTCTTCCTAGGTA-39 (anti-
ense, the 973rd–1002nd sites) (U62556); CXCR4, 59-
CAAGGAAGCTGTTGGCTGAAAAGGTGGTCTA-39 (sense,
he 439th–470th sites) and 59-TCCACCTCGCTTTCCTTTG-
AGAGGATCTT-39 (antisense, the 979th–1008th sites)
X71635). The reaction mixture (20 ml) containing 10 mM
ris–HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 2.5 mM each
NTP, 60 ng of sense and antisense PCR primer, and 5 U
aq DNA polymerase (Takara Shuzo) was subjected to 38
ycles of PCR: 93°C for 30 s, 60°C for 1 min, and 72°C for
min. As a control, the expression levels of glyceralde-
yde-3-phosphate dehydrogenase in the cells were deter-
ined by RT-PCR. PCR-amplified cDNA was examined by
lectrophoresis through 1% (w/v) agarose gel.ACKNOWLEDGMENTS
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